We present a secondary structure model for the entire sequence of mouse 28S rRNA (1) which is based on an extensive comparative analysis of the available eukaryotic sequences, i.e. yeast (2, 3), Physarutn polycephalum (4), Xenopus laeyis (5) and rat (6). It has been derived with close reference to the models previously proposed for yeast 26S rRNA (2) and for prokaryotic 23S rRNA (7-9). Examination of the recently published eukaryotic sequences confirms that all pro-and eukaryotic large rRNAs share a largely conserved secondary structure core, as already apparent from the previous analysis of yeast 26S rRNA (2). These new comparative data confirm most features of the yeast model (2). They also provide the basis for a few modifications and for new proposals which extend the boundaries of the common structural core (now representing about 85 X of E. coli 23S rRNA length) and bring new insights for tracing the structural evolution, in higher eukaryotes, of the domains which have no prokaryotic equivalent and are inserted at specific locations within the common structural core of the large subunit rRNA.
INTRODUCTION
Elucidation of the primary and secondary structure of rRNAs is an obvious prerequisite for identifying its tertiary structure folding and topographical organization within the ribosome and consequently for unraveling the precise functional roles of definite regions of the rRNA molecule, though involvements in RNA-protein or RNA-RNA interactions during the ribosome cycle. Considerable progress has been achieved in this area for the E. coli ribosome.
Through a combination of direct experimental data and of extensive comparative analyses, detailed models have been derived for the secondary structure of 23S rRNA (7) (8) (9) which is strongly conserved during the evolution of prokaryotes, with oost base-pairings maintained despite mutations, through the presence of compensatory base-changes in opposite positions.
Our structural understanding of the eukaryotic ribosome is much less advanced and until recently yeast 26S rRNA was the only complete sequence £> IRL Press Limited, Oxford, England.available for a large subunit rRNA in eukaryotes (2, 3). Its comparison with prokaryotic models revealed an extensive conservation of secondary structure while the conserved domains contain a number of inserted regions which account for the increased length of this molecule in yeast as compared to E. coli (2) . Whereas conserved features are likely to be involved in a number of basic functions conmon to pro-and eukaryotic ribosomes, the existence of additional eukaryote-specific domains -which have dramatically increased in size in higher eukaryotes -together with the presence of a larger number of ribosomal proteins poses an intriguing problem as to their potential roles, structural organization within the ribosome and mode of variation during the evolution of eukaryotes.
Comparative analyses can now be carried out among several eukaryotic 28S rRNAs, due to the recent publication of four other complete sequences, i.e. slime mold Physarum polycephalum (4), amphibian Xenopus laevis (5), and two rodents, rat (6) and mouse (1). As a consequence, some insight can be gained into the process of size increase of the large subunit rRNA during the evolution of eukaryotes, as shown elsewhere (1) and more generally into the secondary structure folding potential of the entire molecule, without being restricted to the domains common to pro-and eukaryotes. In this paper, we present a model for the secondary structure of mouse 28S rRNA, based on comparative evidence, and discussed by reference to the models previously proposed for yeast 26S rRNA (2) and for E. coli 23S rRNA (7-9). The folding potentials of the few eukaryotic-specific domains of the molecule are also examined for the other eukaryotes.
METHODS
The mouse 28S rRNA sequence (1) has been compared with the four other complete eukaryotic sequences available so far, i.e. yeast S. carlsbergensis (2), slime mold Physarum polycephalum (A), amphibian Xenopus laevis (5) and rat (6), and with E. coli 23S rRNA (10, 8) . Outside the few areas where major size differences have taken place during the evolution (1), eu-and pro-karyotic sequences can be unambiguously aligned along a large fraction of the molecule, due to the presence of a number of conserved tracts : their folding potential in eukaryotic 28S rRNA can therefore be examined by close reference to the oodels previously derived for E. coli 23S rRNA (7-9).
In a preliminary stage, the prokaryotic models were tested by using the more recently prokaryotic sequences (11, 12) . This additional compara-tive sequence analysis provided a strong support for most of the stems of a "consensus" model, particularly for some base-pairings for which previous comparative proofs were weak or inexistent (see Results).
In a second stage, the secondary structure model proposed for most of yeast 26S rRNA (2) was critically reexarained in view of both the "consensus" prokaryotic structure and of the potential for homologous basepairing of the recently available eukaryotic sequences. For the regions of the molecule for which no folding pattern was proposed on the basis of the yeast sequence and more generally for all the domains which have extensively varied in size during the evolution of eukaryotes, a systematical examination was carried out on all eukaryotic sequences after alignment for maximal horaology (1). Catalogs of potentially base-paired regions for the remaining unstructured domains were established using the HELCAT computer program (13) and selection of potentially homologous helical features was carried out according to the strategy described by Noller et al. (9) . The resulting secondary structures were in turn compared to the prokaryotic models (7-9). In some cases, the presence of common structural features at equivalent positions in all species provided a means to extend the boundaries of the common structural core, and consequently to better delimitate the domains of variable size. Partial sequence data available for other eukaryotes (14-18) were also considered for testing several secondary structure features, as indicated in Figures and Table 1 .
RESULTS AND DISCUSSION
As described elsewhere (1), the comparison of the prokaryotic and eukaryotic sequences of the large subunit rRNA and the examination of then/ potential for secondary structure folding reveal that all these molecules share a largely conserved structural core which is interrupted, at specific locations, by a few divergent domains which have undergone large variations in size during the evolution of eukaryotes. Both types of domains are clearly delineated in the entire secondary structure model displayed in Fig. 1. 
Common structural core :
The comparative evidences for the proposed base-pairings are listed in Table 1 . All these stems have their clear counterpart in prokaryotic 23S rRNA (7-9), except for helices 9, 11, 56b and 83b (moreover the correspondence is far from being close for helices 84-86). Almost all the helices of interkingdom occurrence are supported by comparative criteria among proka- Table 1 for available evidences from comparative sequence analysis). We will restrict a further discussion to the cases of helices which either are not supported by comparative criteria or represent new folding proposals as compared to the previous yeast model (2) .
No evidence is available for helical stems 9-11, 25, 52, 58 and 83b. However, for stems 25, 52 and 58 the base-pairing is possible in all species (but is not proven since the sequence has remained unchanged).
As for the base-pairing sodifications within the conserved core by reference to the yeast model, they are mostly based on the availability of additional comparative proofs, provided by the recently published eukaryotic sequences : two major changes in a couple of long range interactions (helices 13 and 37) are proposed, together with a few rearrangements of the details of some elementary structural features (helices with underlined numbers in Table 1 ). Moreover we present a folding pattern for a domain for which no proposal had been made so far and which seems likely to be part of the conserved structural core (namely helices 39 to 45).
Helix 13 involves a long range base-pairing which deliminates a very large domain of 28S rRNA (about 1 kb in mouse). A markedly different interaction was proposed previously (2) in yeast for the corresponding oligonucleotides (yeast positions 651-657 and 1434-1440). However this alternate base-pairing is not validated by comparative analysis of the other eukaryotic sequences. Moreover, it is noteworthy that helix 13 as shown in Fig. 1 has its exact counterpart (positions 579-585/1255-1261) in the E. coli structure proposed by Noller et al. (9) : this is clearly apparent from the presence of some conserved sequence features in the vicinal single-stranded regions and by reference to the proximal conserved base-pairings (helices 14 and 32). This interaction, which involves two sequence tracts which are invariant in eukaryotes, is supported by compensatory changes between proand eukaryotes. An alternative base-pairing has been proposed for these segaents in the two other prokaryotic models (7, 8) : it involves E. coli positions 578-584/805-811 and could provide the basis for a conformational switch. However, it is not similarly supported by comparative criteria in eukaryotic sequences. As for helix 37, evidence is even stronger, not only among prokaryotes but also among eukaryotes, with two base-pairs compensatorily changed between mouse, xenopus and yeast.
Comparative support for the slight modifications proposed for a few ste™ structures of the coaaon core appears either in Table 1 The case of the area encompassing helices 39-45 (Fig. 3) deserves more comments since no model had been proposed so far for this domain of eukaryotic large subunit rRNA. It is remarkable that a number of homologous secondary structure features mapping at equivalent positions relative to each other can be proposed for all eukaryotic sequences, while the structural conservation is interrupted over two highly divergent tracts (called D7a and D7b) which have undergone marked variations in size during the evolution. Examination of E. coli models (7-9) shows that helices 39 and 40 have their counterpart in 23S rRNA, with significant conservation of some primary sequence features at identical positions, either within loop 39 or within the single-stranded tract immediately upstream stem 39. The existence of stem 39, for which no comparative proof was apparent from the prokaryotic sequences (E. coli positions : 1385-1389/1398-1402) is validated by several compensatory changes among eukaryotes (Fig. 3) . Helix 40 is definitely established by comparing prokaryotic sequences, particularly when including the more recently published ones (11, 12). This stable medium-range base-pairing is also conserved in all eukaryotes, although some irregularity is tolerated in yeast and Physarum (presence of a central bulge). A close comparison of the various sequences folded in Fig. 3 also provides strong evidence for helix 41, which is somewhat truncated in Physarum. The homology is also obvious for features 42-45, despite the presence of a few minor local differences. It must be stressed that a characteristic foui-branched structure involving stems 43 and 45 can be proposed in all eukaryotes, as it is the case in one of the prokaryotic models (9). In conclusion, stems 39 to 45 appear to represent a part of the 
9'
U 6 structural core of the large subunit rRNA, which is conserved among pro-and eukaryotes. Such an assignment has allowed a more precise delimitation of the two intervening size-variable D7a and D7b domains which have diverged much more rapidly during the evolution.
The rate of nucleotide change during the evolution of eukaryotes is far from being uniform along the entire conserved structural core. It is important to note that within some secondary structure features a particularly strong constraint has been exerted for maintaining definite primary sequence motifs or peculiarities in local conformation (such as bulged nucleotides) which are likely to play specific roles in a variety of intermolecular recognition processes involved in the ribosomal function as proposed earlier (9) . Conversely in other helical stems extensive changes in primary sequence are tolerated provided the base-pairing potential is preserved. Assuming that the rates of nucleotide substitution have reeained similar among different lineages during evolution, these conserved areas display nonetheless a sufficient degree of variability to represent valuable phylogenetic indicators (they amount to a total length that is about 15 times larger than the classical 5S rRNA index). Point changes have been scored in these areas between all pairs of eukaryotic 28SrRNA sequences and the corresponding degrees of divergence have been determined. All these values obtained for each possible pair of species (Table 2) are consistent with a unique phylogenetic tree topology -when mutational distances are equated to elapsed times since divergence from a common ancestor -which would indicate that Physarum polycephalum has diverged very early froo the eukaryotic mainstream. The extensive comparison of all the secondary structure features of the common core among these species again indicates that Physaruo features are the least related to the other eukaryotes. However, rather than being indicative of an early phylogenetic divergence, this clear departure could also merely result from substantial differences in the rates of fixation of mutations and in the processes of concerted evolu- tion of the ribosoraal genes (particularly in relation to the extrachromosoraal status of ribosomal genes in Physarun).
Domains of variable size :
Conclusions that can be reached on the secondary structure folding of the few domains which have undergone major size variations during the evolution of eukaryotes (see Fig. 1 for location) are obviously less definitive. However, the availability of three vertebrate sequences -i.e. two closely related species (rat/mouse) and a much more distant one (amphibian Xenopus laevis) -provides a means to test structural models by comparative criteria and to gain further insight into the process of size increase of 28S rRNA in higher eukaryotes (1). We have recently proposed definite folding patterns for two divergent domains of small size, D6 and D9, as well as for one of the largest, i.e. D8 (1). In that latter case, our proposal was clearly substantiated by direct E.M. observations of vertebrate 28S rRNAs (23). While the case of 01 will be discussed in greater detail elsewhere, by means of a much more extensive comparative analysis carried out through direct rRNA sequencing in a variety of eukaryotes (L.H. Qu and J.P. Bachellerie, in preparation), we will examine here the status of all other 0 domains.
As shown in Fig. 4 , the most stable secondary structure for D8 domain in lower eukaryotes does not bear a clear relatedness with its vertebrate counterpart -a Y-shaped giant stem structure (1) -except for the presence of long folded-back structures, while its prokaryotic equivalent is either considerably shorter (E. coli) or absent (as for A.n. or T.c. Fig. 5) . However it must be stressed that the stem involving the very distal segments of D2 is conserved in the two lower eukaryotes and in vertebrates despite a number of base changes (It maps at perfectly identical locations in all cases : on the 5'side it is separated from helix 12 by 5 unpaired nucleotides and, on the 3'side, it is immediately vicinal to a long sequence tract conserved in all eukaryotes). It is also clearly apparent that the entire D2 domains in the 3 vertebrates share analogous folding potentials ; the 3 long base-paired branches are present in all cases and the large size differences in this domain (277 additional nucleotides in rat as compared to xenopus) are nostly accommodated by differences in the length of these stems. Such folding patterns, which are particularly stable are also entirely consistent with mappings of secondary structures by direct E.M. obsei- . 3) , the trend for size increase from amphibian to rodents is almost general as shown above for 02 and elsewhere (1) for D6, D8 and D9, and as confirmed for D12 (Fig. 7) . The comparison of mouse and xenopus folding patterns suggests that some elementary structural features within D3 and D12 oay be conserved in vertebrates despite divergence in primary sequence (see 2 insets in Fig. 6 ). Moreover the conservation extends to lower eultaryotes for the stem in D3 (Fig. 6) which is 3 1 vicinal to helix 14 (and separated from it by two unpaired purines). A prokaryotic equivalent nay be identified for this stem (E. coli / positions 604-624) which therefore could be included in the common structural core.
In divergent domain 05 (Fig. 8) , a stem common to all eukaryotes can be formed immediately adjacent to helix 22; however evidence of compensa- Fig. 7) .
Although the stem involving the very last 3'terminal nucleotides of 28S rRNA can be proposed not only for rodents but also for lower eukaryotes (Fig. 7) , it can only be regarded so far as tentative, particularly when considering that it has no stable prokaryotic counterpart. Concerning the structure of both termini of the molecule, it must be remembered that while The conservation of a closely homologous structural core during the evolution obviously suggests that these common structural features parti-cipate in basic functions shared by pro-and eukaryotic ribosomes. A number of them in prokaryotic 23S rRNA have been identified as binding sites for some ribosomal proteins, 5S rRNA and other components of the protein synthesis machinery (7-9) and are therefore likely to be involved in homologous interactions in eukaryotes as discussed earlier (2, 5). Much more intriguing is the potential functional significance of the so-called divergent domains which have undergone a major and concerted increase in size during the evolution of higher eukaryotes. As already mentioned (1), these domains of mature 28S rRNA are clearly related to the transcribed spacers which are removed during rRNA processing and in some species one of these spacei-like regions may happen to be eliminated from mature rRNA : the equivalent of D12 domain in plant chloroplasts, like maize's (8) or tobacco's (12) precisely corresponds to the 23S-4.5S rRNA intergenic spacer which is excised from pre rRNA. An analogous situation is found for D7a : its counterpart in Drosophila is the "central break" region which is removed from 26S rRNA precursor to give rise to 26S « and 26S (1 halves (22), as shown in Fig. 3 . One may expect that the availability of additional eukaryotic 28S rRNA sequences and of direct informations related to their molecular environment within the eukaryotic large ribosomal subunit will provide further insight on the role of these rapidly evolving domains.
